Next-generation DNA sequencing (NGS) technologies can survey sequence variation on a genome-wide scale, but their utility for crop genetic diversity analysis is poorly known. Many challenges remain in their applications, including sampling complex genomes, identifying single nucleotide polymorphisms (SNPs), and analyzing missing data. This study presented a practical application of the Roche 454 GS FLX Titanium technology in combination with genomic reduction and an advanced bioinformatics tool to analyze the genetic relationships of 16 diverse barley (Hordeum vulgare L.) landraces. A full 454 run generated roughly 1.7 million sequence reads with a total length of 612 Mbp. Application of the computational pipeline called DIAL (de novo identifi cation of alleles) identifi ed 2578 contigs and 3980 SNPs. Sanger sequencing of four barley samples confi rmed 85 of the 100 selected contigs and 288 of the 620 putative SNPs and identifi ed 735 new SNPs and 39 new indels. Several diversity analyses revealed the eastern and western division in the barley samples. The division is compatible with those inferred with 156 microsatellite alleles of the same 16 samples and consistent with our current knowledge about cultivated barley. These results help to illustrate the utility of NGS technologies for crop diversity studies. The NGS application also provides a new informative set of genomic resources for barley research.
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N
EXT-GENERATION DNA sequencing (NGS) technologies can generate unprecedented amounts of genomic data, even in non-model organisms (Nordborg and Weigel, 2008; Bräutigam and Gowik, 2010; Metzker, 2010; Seeb et al., 2011) . In recent years, these technologies have become an aff ordable means to survey sequence variation on a genome-wide scale (Seeb et al., 2011; You et al., 2011) . In principle, such capability should revolutionize the genetic diversity analysis with high resolution on crop plants with large and complex genomes. However, applications of NGS technologies to assess crop genetic diversity are still full of challenges and feasibility assessments are warranted to inform diversity analysis. Many plants, unlike those model plants such as rice (Oryza sativa L.) and maize (Zea mays L.) with sequenced genomes, have large and complex genomes with variable ploidy and an abundance of repeated sequences (Wicker et al., 2006; Novaes et al., 2008; You et al., 2011) . Also, limitations are not lacking in the application of bioinformatics tools to identify single nucleotide polymorphisms (SNPs) without a reference genome You et al., 2011) . Moreover, a diversity analysis of NGS genomic data with sequencing error, assembly error, and missing data may not be always informative (Rokas and Abbot, 2009; Pool et al., 2010) .
Genomic reduction, also known as the reduced representation library (RRL), is one of the widely applied strategies to reduce the complexity of large genomes. Th e RRLs are constructed with a restriction digest followed by size selection and allow for sampling diverse but identical genomic regions from several individuals (Altshuler et al., 2000) . Th e RRLs have been used for resequencing, sequence alignment, assembly, and SNP discovery (Altshuler et al., 2000; Barbazuk et al., 2007; Van Tassell et al., 2008; Wiedmann et al., 2008; Gore et al., 2009; Deschamps et al., 2010) . Specifi cally, applications of RRLs for SNP discovery have been made in some non-model plants without sequenced genomes such as amaranth (Amaranthus caudatus L.) (Maughan et al., 2009 ) and common bean (Phaseolus vulgaris L.) (Hyten et al., 2010) . Th ese applications not only generated large volumes of SNPs in studied plants with scarce genomic resource but also revealed high validation rates of putative SNPs (e.g., 86% in common bean, 97% in amaranth).
Technically, it is more diffi cult to identify SNPs for a species without a sequenced genome (Cannon et al., 2010; Ratan et al., 2010; Peterlongo et al., 2010) . Th e common practice is to create a consensus sequence using sequence reads from one individual, and these can then be used as a reference sequence to call SNPs in other individuals (Li et al., 2008) . Th is approach may include multiple bioinformatics tools that require considerable knowledge of bioinformatics to operate (Flicek and Birney, 2009) . Some integrated tools are sophisticated and the user-friendly ones are largely commercialized . Also, bias could be introduced from developing a consensus sequence from multiple individuals with unequal read coverage (Ratan et al., 2010) . Fortunately, alternative tools are available such as the free computational pipeline DIAL (de novo identifi cation of alleles) (Ratan et al., 2010) . Th is tool does not require a reference sequence, masks repetitive sequences, clusters sequence reads from multiple individuals, and performs assembly for clusters with a de novo assembler to identify variants. More importantly, it is well suited for the clustering of sequence reads of multiple individuals from Roche 454 (454 Life Sciences, Branford, CT) and Illumina GA (Illumina Inc. San Diego, CA) platforms, even with a shallow depth of genome coverage and variable read coverage of multiple samples. Interestingly, this promising tool has been tested only in moderately complex genomes and does not handle SNP calls in repeats (You et al., 2011) .
Next-generation DNA sequencing genomic data are known to be full of sequencing errors, assembly errors, and missing data (Pool et al., 2010) . Errors in the sequences could arise from DNA damage, polymerase chain reaction (PCR) amplifi cation, and sequencing (Rokas and Abbot, 2009 ). Assembly of short sequence reads with low coverage may not be always accurate and could be more challenging in the repetitive or highly polymorphic genomic regions (e.g., Li et al., 2008) . Nextgeneration DNA sequencing data are typically unbalanced for each sample, due to the stochastic sampling across the genome, and such unbalance will increase with lower coverage of sequence reads. Eff orts have been made to minimize the sequencing and assembly errors (e.g., Jiang et al., 2009; Long et al., 2009 ), but it is diffi cult to minimize missing data, given more samples are required for an informative diversity analysis with limited sequencing resources (Luca et al., 2011) . All of these issues can add uncertainty to crop genetic diversity analyses (Liu et al., 2009) .
Barley (Hordeum vulgare L.; 2n = 2x = 14) is an important crop and a diploid model for classical genetics (Harlan, 1976; van Bothmer et al., 2003) . Th us, its genomic resources such as linkage map (e.g., Close et al., 2009) , expressed sequence tag sequence (Druka et al., 2006) , and gene map (e.g., Sato et al., 2009) are not lacking. However, it has a large (5.1 Gbp) and complex genome with over 80% highly repetitive DNA sequences (Doležel et al., 1998; Bennett and Smith, 1976) . Th ese genomic features pose a signifi cant challenge to sequencing the barley genome (Mayer et al., 2011) and practical diffi culty in applications of NGS technology to survey sequence variation (e.g., see Wicker et al., 2006 Wicker et al., , 2009 . Barley has been intensively studied using advanced molecular markers on its genetic diversity and gene pool (van Bothmer et al., 2003; Malysheva-Otto et al., 2006) . A major division of its gene pool following its wild progenitor along the Zagros Mountains has been long recognized (e.g., see Takahashi, 1955; Zohary and Hopf, 2000; Saisho and Purugganan, 2007) and is thought to largely refl ect the consequence of multiple barley domestications (Morrell and Clegg, 2007) . However, the previous inferences of the gene pool structure may have suff ered from limited sampling of the barley genome (Saisho and Purugganan, 2007) . Th ese unique features would allow for a better assessment on the informativeness of some NGS technologies in sampling complex crop genomes.
In this study, we specifi cally explored the utility of high-throughput NGS techniques and bioinformatics tools for crop genetic diversity studies and performed a practical application of the Roche 454 GS FLX Titanium technology (454 Life Sciences) in combination with genomic reduction and an advanced bioinformatics tool to analyze the genetic relationships of 16 diverse barley landraces. Th e specifi c objectives of the application were to identify contigs and SNPs from 16 diverse barley landraces using 454 pyrosequencing via genomic reduction and the computational pipeline DIAL (Ratan et al., 2010) , to validate a subset of identifi ed contigs and SNPs with Sanger sequencing, to infer the genetic relationships of the assayed landraces based on 454 SNP data, and to assess the deviation of the inferred genetic relationships from those obtained with barley simple sequence repeat (SSR) data.
Materials and Methods

Plant Materials and DNA Extraction
Sixteen genetically diverse barley landrace accessions originating from 16 countries (Table 1) were selected for this study. Th e selected accessions represent the eastern and western samples of the barley landrace gene pool, based on the distinct distribution of wild barley described by Zohary and Hopf (2000) and Morrell and Clegg (2007) . Th e eastern region represents cultivated barley from the Zagros Mountains and further east, while the western region includes cultivated barley from the Fertile Crescent and further west. A few seeds were randomly chosen from each selected accession maintained at the Plant Gene Resources of Canada (Saskatoon, SK, Canada). Plants were grown from seed for 2 to 3 wk in a greenhouse at the Saskatoon Research Centre, Agriculture and Agri-Food Canada. Young leaf tissue from individual plants of each accession was collected, freeze dried, and stored at −20°C. Deoxyribonucleic acid was extracted from 15 mg of freeze-dried tissue using the DNEasy Plant Mini kit (Qiagen, Mississauga, ON, Canada) following the manufacturer's instructions, quantifi ed using the Th ermo Scientifi c Nanodrop 8000 spectrometer (Fisher Scientifi c Canada, Toronto, ON, Canada), and adjusted using Qiagen AE buff er (10 mM Tris-HCl and 0.5 mM ethylenediaminetetraacetic acid [EDTA], pH 9.0) to 25 ng μL −1 for SSR analysis and 100 ng μL −1 for 454 pyrosequencing.
Genome Reduction and Barcoding
Genomic reduction and multiplex identifi ers barcoding of the barley samples were conducted following the method of Maughan et al. (2009) Seven barcodes were shared between the two pools and one unique barcode was used in each pool to diff erentiate between the two pools and identify any potential cross-contamination between pools. Paramagnetic beads with bound digested DNA fragments were used as a template for PCR using primers specifi c to the EcoRI and BfaI adaptors and containing a specifi c RLMID barcode for each sample in each pool. Th e PCR method was followed from Maughan et al. (2009) using the Clontech HF2 chemistry and the C1000 thermocycler (BioRad, Mississauga, ON, Canada). Four replicates of each PCR reaction were performed and a 3-μL sample from each was separated on a 1.5% agarose gel to confi rm amplifi cation. Amplifi cations for each sample were bulked together and concentrated by evaporation in a vacuum centrifuge to approximately 35 μL. Individual samples were separated on a 1.5% agarose gel for 5 h at 60 V. A gel fragment from each sample between 400 and 600 bp based on the New England Biolabs 2-Log ladder (Pickering, ON, Canada) was excised and cleaned using the QIAquick Gel Extraction kit (Qiagen). Samples were eluted in 35 μL of one-third concentration Qiagen EB (3.33 mM Tris, pH 8.5) and quantifi ed using the Th ermo Scientifi c Nanodrop 8000 spectrometer (Fisher Scientifi c Canada, Toronto, ON, Canada). Individual samples were concentrated by evaporation using a vacuum centrifuge, requantifi ed, and adjusted to 50 ng μL −1 with water and 1 mM EDTA pH 8.0 so that the fi nal salt concentration did not exceed 10 mM Tris and 1 mM EDTA. Each pool was prepared consisting of 200 ng of each of eight individual accessions for a total of 1600 ng at 50 ng μL 
Generation of Clusters and Single Nucleotide Polymorphisms
Deoxyribonucleic acid reads were separated into samplespecifi c SFF (standard fl owgram format) fi les according to RLMID barcode using the Roche Newbler SFF tools (454 Life Sciences, 2010) followed by a removal of the forward and reverse adaptor sequences. Cluster generation and SNP detection were performed using the DIAL (Ratan et al., 2010) pipeline. Th e pipeline adds the SFF fi le of each sample and performs a completely automatic call of SNPs from all added SFF fi les in a Linux system. However, it requires the inputs on the expected length of target genome to identify clusters from all added SFF fi les and the version of Roche Newbler, as it is dependent on the Newbler's gsAssembler to assemble the reads into the identifi ed clusters. Th us, a training of DIAL was made for diff erent versions of Newbler and variable lengths of target genome from 10 to 0.5 Mbp. Th e fi nal analysis was made using the Newbler v2.0.01.14 and an expected genome size of 3 Mbp to generate the numbers of clusters and SNPs as large as possible for the 16 samples. As highly stringent fi lters are applied for SNP calling, the pipeline usually generated an unrealistically low yield of two to three SNPs in the output fi le snps.txt. However, the pipeline also generated an output fi le report. txt collecting all the assembled contigs with sequence length and supporting reads, the position of the variant alleles, the number of reads supporting the allele, and the quality value of the reads at that position. Th us, several specifi c Perl scripts were written to extract contigs and SNPs from report.txt into separate fi les for validation and for data report and analysis, and these custom-built Perl scripts are available on request.
Contig and Single Nucleotide Polymorphism Validation
One hundred contigs with variable SNP count and sequence length were selected for validation with Sanger sequencing based on four randomly selected samples (ChinaE, PakistanE, JordanW, and EthiopiaW). Th e PCR primers for the selected 100 contigs were designed using the Primer3 v0.4.0 online tool (Rozen and Skaletsky, 2000) . Th e conditions for PCR were 1x KAPA 2G Buff er A containing 1.5 mM MgCl 2 (KAPA Biosystems, Woburn, MA), 1x KAPA Enhancer 1, 0.2 mM each deoxyribonucleotide triphosphate (dNTP), 0.4 pmol μL −1 each forward and reverse primers, 100 ng of the same genomic DNA template samples as used above for next generation sequencing, and 0.5 U KAPA 2G Robust polymerase in a fi nal volume of 25 μL; touchdown PCR was cycled at 95°C for 3 min followed by 10 cycles of 95°C for 10 s, 60°C decreasing 0.5°C per cycle for 15 s, 72°C for 30 s, and then 25 cycles of 95°C for 10 s, 55°C for 15 s, and 72°C for 20 s with a fi nal extension of 72°C for 30 s. A 3-μL sample of each PCR product was separated on 1.5% agarose for 2 h at 120 V. For the primer set generating single fragment of expected size, its PCR product was cleaned following the method outlined by Rosenthal et al. (1993) and submitted for Sanger sequencing at the DNA Technologies Laboratory, Canadian National Research Council's Plant Biotechnology Institute (Saskatoon, SK, Canada). Polymerase chain reaction samples with multiple bands were fi rst run on a 2% agarose gel for 17 h at 50 V. Th e band of expected size based on the contig consensus sequence was then cut from the gel and spun for 5 min at 16,000 × g, and 1 μL of the resulting liquid was used as a template for PCR re-amplifi cation. Th e resulting PCR product was checked on agarose and cleaned for sequencing as outlined above for the single band samples. An eff ort was also made to redesign PCR primers for questionable contigs and then rescreen them.
Forward and reverse Sanger sequences from each sample were assembled using Sequencher v.4.10.1 (GeneCodes Corporation, 2010), aligned using MUSCLE v.3.6 (Edgar, 2004) against the consensus sequence generated via NGS for each contig and proofread by hand. All working primer sets generated the Sanger sequences that were successfully aligned with the contig consensus sequences. Th e putative SNPs identifi ed via NGS were checked with the Sanger sequences, where sample data was available, and additional SNPs and indels from the Sanger sequencing were also identifi ed, if any. Blasting some set of identifi ed contigs was also made in ACPFG Bioinformatics barley autoSNPdb database v1.4 (ACPFG Bioinformatics, 2011) and the NCBI Hordeum vulgare subsp. vulgare nucleotide databases (NCBI, 2011) using megablast with E-value of at least 1 × 10 −5 .
Simple Sequence Repeat Analysis
Th irty informative barley SSR primers were selected based on the published marker information and genomic coverage from the consensus map (Varshney et al., 2007) The cultivated barley gene pool was divided based on the distinct distribution of wild barley following Zohary and Hopf (2000) and Morrell and Clegg (2007) . The eastern (E) region represents cultivated barley from the Zagros Mountains and further east, while the western (W) region includes cultivated barley from the Fertile Crescent and further west. § RLMID, Rapid Library Multiplex Identifi er. ¶ NC, the number of contigs with SNP; NSP, the number of SNPs predicted; Het%, the percentage of the heterozygous SNPs over the predicted SNPs; MisSNP%, the percentage of the predicted SNPs that were missing for the sample due to the lack of sequence reads.
(Supplemental Table S1 ). All selected primers were synthesized by Integrated DNA Technologies and resuspended in water at 50 pmol μL −1
. Th e PCR reactions were set up as 1x New England Biolabs (Pickering, ON) Standard Buff er containing 1.5 mM MgCl 2 , 0.2 mM each dNTP (Promega/ Fisher Scientifi c, Nepean, ON, Canada), 0.4 pmol μL −1 each forward and reverse primer, 0.5 U Taq polymerase (New England Biolabs), and 50 ng template genomic DNA in a fi nal volume of 25 μL. Reaction conditions were as follows: 94°C for 3 min, fi ve touchdown cycles of 94°C for 10 s, 55°C decreasing 1°C per cycle for 20 s, and 68°C for 1 min followed by 25 cycles of 94°C for 10 s, 50°C for 20 s, and 68°C for 1 min with a fi nal extension of 72°C for 5 min. Several primers (HVM62, GBM1323, HVM03, Bmac0018, GBM1419, WCM1E8, and GBM1405) were run with a touchdown PCR starting with an annealing temperature (T a ) of 60°C decreasing 1°C per cycle followed by 25 cycles at 55°C. All T a 's were determined based on the melting temperatures (T m 's) provided by Integrated DNA Technologies. For each amplifi ed sample, 5 μL of glycerol loading buff er III (Sambrook et al., 1989) were added. Polyacrylamide (5%, 19:1) Mega Gels (CBS Scientifi c, Del Mar, CA) were prepared according to Wang et al. (2003) . Gels were pre-run for 1 h with 0.5 μg l −1 ethidium bromide in the bottom reservoir and then 15 μL of each sample were loaded and run at 300 V for 2 to 3 h depending on the predicted microsatellite size. Invitrogen 50 bp and New England Biolabs 10 bp ladders were included as size standards. Gels were photographed digitally with ultraviolet light. Deoxyribonucleic acid fragments amplifi ed by SSR primer pairs were manually scored based on their sizes in base pairs measured with DNA ladders and compared with the sizes reported in the literature.
Diversity Analysis
Th e resulting 454-SNP data were analyzed for each sample by counting the total number of the putative SNPs, the number of the putative heterozygous SNPs, and the number of the putative SNPs that were undetected in the sample due to insuffi cient sequence reads. An analysis of molecular variance (AMOVA) was performed using Arlequin version 3.01 (Excoffi er et al., 2005) to assess genetic variation within and between the eastern and western barley samples. Th e signifi cance of variance components was tested with 10,010 random permutations.
Th e genetic relationships of the 16 barley samples were analyzed with three commonly applied approaches. First, the principal component analysis was performed using NTSYS-PC 2.01 (Rohlf, 1997) based on the dissimilarity matrix of the available putative SNPs. Plots of the fi rst three resulting principal components were made to assess the accession associations. Second, a distancebased NeighborNet (Bryant and Moulton, 2004) of the 16 samples was generated using the SplitsTree4 (Huson and Bryant, 2006) with the options of Uncorrected_P and EqualAngle. Th is tree displayed detailed reticulations where recombination may occur. Th ird, the maximum clade credibility (MCC) phylogenies were generated using BEAST v1.4 (Drummond and Rambaut, 2007) with a relaxed uncorrelated lognormal clock and with tree prior as constant size, expansion, or exponential growth. Th e substitution model was under a Hasegawa, Kishino, and Yano (HYK) model with γ distribution for site heterogeneity. Th e rest of the options were applied with default values. Th e Bayesian Markov chain Monte Carlo approach applied in BEAST should yield more informative phylogeny, as it directly calculates ultrametric phylogenies based only on observed data and model parameters and incorporates both the branch length errors and the topological uncertainties (Rutschmann, 2006) . Th e optimal genetic structure of the 16 samples was also inferred with two model-based Bayesian methods available in the BAPS soft ware (Corander et al., 2008 ) and the program STRUCTURE version 2.2.3 (Pritchard et al., 2000; Falush et al., 2007) . For BAPS, individual samples were clustered using the model for nonlinked markers and 20 replicate runs of the algorithm with the upper-bound values (K) for the number of clusters ranging between 2 and 16. Th e STRUCTURE program was run 15 times for each subpopulation (K) value, ranging from 2 to 10, using the admixture model with 10,000 replicates for burn-in and 10,000 replicates during analysis.
Th e SSR data were analyzed fi rst for polymorphism with respect to primer and sample, then using AMOVA to quantify the known genetic structure, and last following the same approaches described above for 454-SNP data to assess the genetic relationships of the barley samples.
Results
Pyrosequencing
Following the workfl ow outlined in Fig. 1 , this study generated 1,729,435 passed reads with about 612 Mbp of DNA sequence from a full Roche 454 GS FLX Titanium run of the 16 barley samples (Table 2) . Two regions of the 454 run generated compatible reads, but the mean of a read length was slightly longer in the region 2 (358 bp) than that in the region 1 (351 bp) (Supplemental Fig. S1 ). Generally, the read length ranged from 40 to 1195 bp and averaged 354 bp. Th e number of reads per sample ranged from 22,540 for the KyrgyzstanE sample to 199,860 for the NepalE sample and averaged 94,014 (Table 1) .
Training DIAL (Ratan et al., 2010) with the original Newbler v2.0.01.14 (454 Life Sciences, 2010) revealed that the numbers of identifi ed contigs and SNPs increased with a target genome size decreasing from 10 Mbp and reached a maximum number of 2578 contigs and 3980 SNPs with the target genome size of 3 Mbp or smaller. For example, with 10 Mbp, 2547 contigs and 3889 SNPs were identifi ed, and with 5 Mbp, 2573 contigs and 3969 SNPs were found. Training with the newest Newbler version (454 Life Sciences, 2010) showed that the maximum numbers of both contigs and SNPs obtained become much smaller. For example, the training with the newest version revealed only 2116 contigs and 3384 SNPs at the target genome size of 3 Mbp.
A total of 2578 contigs were detected from 22,588 (1.31%) passed reads (Table 2; Supplemental Table S2 ). Eff ectively, only 41% of the sequence bases generated were used to identify the contigs and 0.173% bases contributed to the 2578 contigs identifi ed. Th e number of reads per contig ranged from 1 to 34 and averaged 8.7. One contig had one read, 25 contigs had two reads, and accumulative 61 (2.4%) contigs were weakly supported 
Contig and Single Nucleotide Polymorphism Validation
One hundred (3.9%) identifi ed contigs with variable SNPs were selected for validation via Sanger sequencing ( Table 2 ). Th ese selected contigs were derived from 993 passed reads with a total length of 41,614 bp. Th e average and median lengths of the selected contigs were 416 bp and 221 bp, respectively. A total of 701 putative SNPs were predicted on the selected contigs. One hundred primer sets based on the contig consensus sequences were designed for the Sanger sequencing, and related primer information, including their performance in contig and SNP validation, is given in Supplemental Table  S3 . Seventy primer sets worked in both directions, 15 worked only in one direction, and 15 amplifi ed no fragments, single fragments with failed Sanger sequencing, or multiple DNA fragments without Sanger sequencing (Supplemental Table S3 ). Th e 100 primer sets positively confi rmed 85 (85%) contigs but cannot completely exclude the other 15 contigs with 9.7 average sequence reads (Table 3; Supplemental Table S3 ). Th e Sanger sequencing of the four barley samples by 85 primer sets positively confi rmed 288 of the 620 putative SNPs identifi ed from DIAL (Ratan et al., 2010) and cannot completely invalidate the other 332 putative SNPs (Supplemental Table S4 ). Among those 332 SNPs, 49 on 29 contigs resided outside of the fl anking primers and 48 on 13 contigs cannot be confi rmed due to the lack of Sanger sequences for some samples. Th us, the eff ective SNP validation rate with the four samples was only 55.1%. Th e putative SNP bases matched between 454 reads and Sanger sequences available for a sample on the 85 validated contigs ranged from 74.4 to 95.7% and the overall SNP base match was 84.6% (Table 3) .
Interestingly, the Sanger sequencing by 85 primer sets revealed 735 new SNPs and 39 indels with lengths ranging from 1 to 26 bp (Supplemental Table S4 ). Th ere were 135 new SNPs on the two contigs (2502 and 2574) that may refl ect the impact of chromosomal duplications or repetitive sequences. Among the total 1023 (288 + 735) SNPs, 185 were heterozygous in some assayed samples. Th e eff ective SNP and indel discovery rates for Sanger sequencing were 2.9 SNPs per 100 bp (1023 SNPs per 35,504 bp) and 1.1 indels per 1000 bp, respectively. Th e eff ective SNP discovery rate for 454 pyrosequencing was 1.7 putative SNPs per 100 bp or a minimum 0.8 validated SNPs per 100 bp.
Blasting the 15 nonconfi rmed contigs revealed that 10 contigs were matched in either NCBI (NCBI, 2011) or autoSNPdb barley data (ACPFG Bioinformatics, 2011) and the matched contigs were largely associated with some transposons. Th us, 95 of the 100 selected contigs were validated. Further blasting of another 50 contigs randomly selected from the 2578 contigs revealed 33 (66%) contigs matched in either NCBI or autoSNPdb databases (Supplemental Table S2 ). A few matched contigs were associated with wheat (Triticum aestivum L.) 3B Bacterial Artifi cial Chromosome (BAC) library (O'Connor et al., 1989) contigs.
Genetic Diversity
Th e SNP and contig identifi cation with respect to sample was biased toward the output of the Roche 454 run for a sample (Table 1) . A linear regression analysis revealed that the number of passed reads per sample was significantly (p < 10
) associated with the number of contigs and SNPs identifi ed on the sample but not with the percentage of heterozygous SNPs (Table 1) . Overall, the samples representing the eastern region had more passed reads, identifi ed contigs, and putative SNPs but lower percentages of putative SNPs that were undetected for a sample due to the lack of related sequence reads than those samples from the western region (Table 1) . Th e samples with the highest and lowest numbers of SNPs (NepalE and KyrgyzstanE, respectively) were from the eastern region. However, the mean percentage of heterozygous SNPs observed for the eastern samples was much lower (1.4%) than that for the western samples (2.5%) ( Table 1) .
Th e AMOVA revealed 34.02% of SNP variation residing between the eastern and western samples and a larger average number of pairwise nucleotide diff erences within the eastern than the western group of samples (151.5 and 96.7, respectively). Removing the KyrgyzstanE sample generated 33.18% of SNP variation residing between the seven eastern and eight western samples. All the AMOVA components reported here were statistically signifi cant at p < 0.0001. Th ree diff erent analyses of 3980 putative SNPs were performed to assess genetic relationships among the 16 barley samples and revealed essentially the same patterns of sample clustering. Th e biplot of the fi rst and second principal components ( Fig. 2A) showed that the eight western samples were clustered together with the (Huson and Bryant, 2006 ) (B and E) and the maximum clade credibility (MCC) tree of BEAST (Drummond and Rambaut, 2007) with tree prior as exponential growth (C and F). The sample labels are given in Table 1. eastern sample KyrgyzstanE, while the other seven eastern samples formed another diverse group. Also, the four most distinct samples were JapanE, PakistanE, IraqW, and EithopiaW. Th e NeighborNet (Bryant and Moulton, 2004) of SplitsTree4 (Huson and Bryant, 2006) (Fig. 2B) shared the same pattern of clustering as the principle component analysis (PCA) clustering but revealed considerable information on reticulations for various samples. For example, condense reticulations were observed in the western samples. Th e MCC trees obtained with tree prior as constant size, expansion, or exponential growth were topologically the same, although branch lengths varied among the trees. Th e MCC tree with tree prior as exponential growth (Fig. 2C) mostly mirrored with the NeighborNet but should be more informative to reveal the genetic relationships than the last two analyses. It showed MongoliaE and ChinaE samples were most closely related to the western samples than PakistanE and IndiaE samples. In contrast, the IraqW and SyriaW samples were most closely related to the eastern samples.
Th e analysis of optimal genetic structures through the STRUCTURE program (Pritchard et al., 2000; Falush et al., 2007) revealed fi ve to six optimal groups of the 16 samples with the highest log-likelihood values of −12,837.2 and −12,837.6, respectively. However, through the BAPS program (Corander et al., 2008) , 16 optimal groups were found for these 16 samples with the highest partition log likelihood of −43,065.7 (detailed results not shown).
Th e analysis of 156 SSR alleles from 30 SSR loci revealed 9.3% SSR variation residing between the eastern and western samples but a smaller average number of pairwise diff erences within the eastern than the western group of samples (35.6 and 40.4, respectively) . Th e PCA plot (Fig. 2D) showed that the western barley samples were more diverse than the eastern ones and two eastern samples (MongoliaE and KyrgyzstanE) were more close to the western samples. Also, the other six eastern samples were separately formed as a small group. Such grouping was essentially the same as the NeighborNet (Bryant and Moulton, 2004) (Fig. 2E) showed. However, the MCC tree (Fig. 2F ) seems to display three major groups with the GreeceW sample close to the eastern sample group. Overall, these SSR-based results are compatible with those of 454-SNP data.
Discussion
As expected, a full 454 run of the 16 barley samples generated a considerably large set of barley genomic resources with 2578 identifi ed contigs and 3980 putative SNPs. Th e Sanger sequencing of four barley samples with identifi ed contigs not only confi rmed most of the putative contigs and SNPs but also revealed a large number of new SNPs and indels. Diff erent diversity analyses of resulting 454-SNP data revealed the eastern and western division in the barley samples. Th e division is compatible with those inferred from barley SSR data and is consistent with our current knowledge of cultivated barley. Th ese results help to illustrate the utility of 454 pyrosequencing for crop genetic diversity studies, particularly in sampling complex crop genomes.
Application of 454 Pyrosequencing
Th e NGS application presented here is straightforward, rapid, and cost eff ective (Fig. 1) . Th is study eff ectively lasted roughly 2 mo and operationally cost under US$15,000 in 2010. Th e major features of this study include the use of genetically diverse samples to maximize the identifi cation of genetic variants, the application of the DIAL (Ratan et al., 2010) pipeline requiring no a priori sequence information for the contig and SNP identifi cation, and diff erent diversity analyses of resulting 454-SNP data in comparison with barley SSR data. However, many issues were also found. Considerable unbalance both in sequence reads and putative SNPs was observed for these barley samples. Variable effi ciency was also detected with respect to sample barcoding and pooling. Low SNP and SNP base validation rates were observed. Extra eff orts were required to apply the DIAL pipeline with respect to target genome size and output delivery.
Th e application of the DIAL (Ratan et al., 2010) pipeline is fairly easy for those with some knowledge of the Linux operating system. It does not require a reference sequence and is fully automatic in contig and SNP identifi cation. Th e complete analysis of 16 SFF fi les took about 2 h on a Linux server, aft er training for target genome size and Newbler version (454 Life Sciences, 2010) . Th e eff ective target genome size for this study was 3 Mbp for the eff ective sequence length of about 600 Mbp. Th e reduced numbers of contigs and SNPs identifi ed under the newest Newbler version were due to the increased stringency in the updated routines as defaults for longer reads. As the DIAL pipeline employed highly stringent fi lters and usually reported only a few highly confi dent SNPs, we developed extra tools with less stringent fi lters to extract contigs and SNPs for SNP validation and for data report and analysis. Clearly, further improvement is still desirable for its independence to Newbler, automatically defi ned target genome size, and user-friendly output delivery. Also, further assessments on its performance relative to other commonly used approaches, including the performance of Newbler Mapping Assembler (454 Life Sciences, 2010) , would be helpful.
Contig and Single Nucleotide Polymorphism Validation
As the barley genome is not completely sequenced (Mayer et al., 2011) , it is important to assess the reliability of the identifi ed contigs and SNPs. Th e Sanger sequencing with four barley samples confi rmed 85% of the selected contigs, 55% of the putative SNPs on the validated contigs, and 85% SNP bases matched on the four samples (Table 3) . Blasting in related databases helped to confi rm 95 of the selected contigs. However, the SNP validation rate was considerably low when compared with the validation rates of 85 to 95% reported in other plant species (Deschamps et al., 2010; Hyten et al., 2010 ; Y.B. Fu and G.W. Peterson, unpublished data, 2011) . Th e low validation rate probably refl ects the limited number of barley samples used and increasing barley samples may validate more putative SNPs on the validated contigs . Also, the duplication chromosome segments or repetitive sequences (Wicker et al., 2008) may have increased the false SNPs identifi ed by the DIAL (Ratan et al., 2010) pipeline. Such an eff ect was also refl ected in the low (85%) SNP base match between 454 pyrosequencing and Sanger sequencing available on the four samples (Table 3) . Interestingly, the Sanger sequencing revealed 125% more new SNPs and indels on these validated contigs. It is highly possible that a considerable proportion of such new SNPs and indels may refl ect the eff ects of chromosomal duplication or repetitive segments, as the developed primer pairs cannot distinguish among these types of fragments with same lengths. As extensive barley genomic resources are available, blasting identifi ed contigs in related databases can also provide a useful means to validate the contigs. For example, blasting a random set of 50 contigs revealed that 33 (66%) contigs were matched with high E-values (Supplemental Table S2 ).
Th e eff ective SNP discovery rates of 1.7 putative SNPs per 100 bp for 454 pyrosequencing and of 2.9 SNPs per 100 bp for Sanger sequencing are relatively high when compared with those reported in barley ranging from 1 per 31 bp to 1 per 240 bp (e.g., see Duran et al., 2009) . Th ey also are rather high when compared with the average SNP density observed in other plant genomes (or 1 SNP per 200 to 500 bp; Weising et al., 2005) . Th e observed high SNP density may refl ect the use of diverse genetic samples and/or the impact of chromosomal duplications or repetitive sequences as discussed above.
Diversity Analysis
As demonstrated above, the resulting 454-SNP data are full of sequencing and assembly errors and also highly unbalanced for each sample (Table 1) . Th e large unbalance was related to the unbalance in eff ective sequence reads per sample. Th is may arise from sequencing errors by the 454 machine, developing reduced genomic libraries, and barcoding samples. A similar level of unbalance was also observed in a companion study of fl ax (Linum usitatissimum L.) germplasm (Y.B. Fu and G.W. Peterson, unpublished data, 2011) . Th us, extra eff orts are needed in these steps to minimize the unbalance. Th e observed unbalance and errors can complicate and/or invalidate some diversity analyses (Williams et al., 2010; Pool et al., 2010; Nielsen et al., 2011) .
Clearly, a direct comparison of allelic richness among the assayed samples with large SNPs data missing was not informative. For example, there were 1259 and 1071 SNPs observed among the samples of eastern and western regions (Table 1) , respectively, but the former samples were less unbalanced than the latter samples (68.3 and 73.1%, respectively). Similarly, there were 199 and 139 private SNPs for the samples of eastern and western regions, respectively. All of these results suggested more diversity in the eastern barley samples. However, the average percentage of heterozygous SNPs for the eastern barley samples was 1.4% while it was 2.5% for the western barley samples (Table 1) . Also, with only 16 samples, a frequency-based diversity analysis would become more biased with such a large unbalance and thus not informative (Lynch, 2009; Jiang et al., 2009 ).
However, a direct inference of genetic relationships among the 16 samples based on such unbalanced 454-SNP data seems to be still informative (Fig. 2) . Several distance-based analyses revealed the eastern and western division in the barley samples. Th is division was compatible with those inferred with a smaller scale of SSR data but had the higher resolution from a larger genomic sampling at 1914 contigs (or loci) with 3980 SNPs, thus supporting the argument of multiple barley domestication (Morrell and Clegg, 2007) . One possible explanation is that these relationship inferences are based on genetic distance measures rather than specifi c genetic models or allele frequency spectrums; the former is knowingly less sensitive to unbalance in SNP and sample size than the latter. With a large number of SNPs identifi ed even with considerable unbalance for each sample, the measures of genetic distances among individuals were approaching the true genetic distances. Also, many of the phylogenetic inferences such as the BEAST program (Drummond and Rambaut, 2007) were specifi cally built to address various uncertainties including data unbalance. In contrast, the model-based BAPS (Corander et al., 2008) and STRUC-TURE programs (Pritchard et al., 2000; Falush et al., 2007) are expected to be underperformed because of the sensitivity to such large data unbalance.
In perspective, it is clear that the application of 454 pyrosequencing in a single step to discover and genotype SNPs for individual samples has its limits for crop genetic diversity analysis as demonstrated and discussed above. A more informative approach may be to discover SNPs fi rst as we did here from a diverse set of samples followed by individual genotyping with identifi ed contigs, as illustrated by the swine group (Wiedmann et al., 2008) . Th e added eff ort and cost may be compensated by reduced errors and unbalance in one step approach and by enlarged sample sizes needed for diversity analysis (Williams et al., 2010) . We are currently exploring this twosteps NGS approach for crop diversity analyses. Specifi c eff orts may also be needed to develop proper designs with variable sample size and sequencing depth (Williams et al., 2010; Luca et al., 2011) and eff ective analytical tools to account for diff erent sources of errors in NGS SNP data for accurate estimation of allelic frequencies (Lynch, 2009; Liu et al., 2010; Pool et al., 2010; Haubold, 2011) .
Conclusions
Th e 454 pyrosequencing eff ort has generated a new informative set of genomic resources consisting of 2578 contigs and 4754 putative SNPs and indels for barley genomic research. Th e presented NGS application to identify contigs and SNPs is straightforward, rapid, and cost eff ective, does not require a reference sequence, and can provide a good alternative to sample the complex genomes of nonmodel species. Diversity analyses of resulting 454-SNP data, although highly unbalanced and full of errors, still enhanced our understanding about the eastern and western division in the cultivated barley gene pool.
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